Eukaryotes characteristically organize their genome in a separate compartment, the nucleus, which is surrounded by the nuclear envelope as a barrier. Ruptures of the nuclear envelope and exposure of chromatin threaten cell viability and cause genome instability. Despite its essential boundary function, the nuclear envelope undergoes remarkable morphological changes, most noticeable during mitosis. Here we summarize our current understanding of nuclear envelope dynamics and its mutable relationship to the endoplasmic reticulum. We discuss how the nuclear envelope is remodeled to insert nuclear pore complexes, the transport gates of the nucleus, into its double membrane structure. Recent 3D electron microscopy time courses of assembling nuclear pore complexes show that these structures integrate into the nuclear envelope during interphase and mitosis following different pathways. Both pathways ensure that pores are formed in the nuclear envelope connecting cytoplasm and nucleoplasm.
Introduction
The nucleus distinguishes eukaryotes, all multicellular as well as a number of unicellular organisms, from prokaryotic eubacteria and archaea. The boundary of the nucleus, and thus the separation from other cellular compartments, is formed by the nuclear envelope (NE). It consists of two membranes, the outer nuclear membrane (ONM), which is continuous with the endoplasmic reticulum (ER) and faces the cytoplasm, and the inner nuclear membrane (INM) enclosing the nucleoplasm (Figure 1 ). These two membranes are fused at many sites containing proteinaceous pores, nuclear pore complexes (NPCs). More than 500 individual proteins, nucleoporins, assemble into these huge complexes, which prevent free diffusion of larger molecules, and concomitantly enable selective transport of cargoes across the NE (for review see [1] ). However, because of the eight-fold symmetry of NPCs -most obvious when the surface of the NE is observed by electron microscopy -nucleoporins are found in copy numbers of 8, 16 or even more within a NPC. The core structure of NPCs can be depicted within the plane of the NE as an arrangement of three rings: the cytoplasmic and nucleoplasmic rings, which share a largely similar protein composition, and the inner ring, which is embedded between the two outer rings and in closer contact with the NE. Cytoplasmic and nucleoplasmic structures extend from the outer rings forming cytoplasmic filaments and a nuclear basket structure. The center of NPCs is formed by nucleoporins with numerous phenylalanineglycine (FG)-repeats establishing the exclusion barrier of the pore, which is locally resolved during transport of cargos (for review see [2] ).
In metazoan and some single-celled organisms, the NE is mechanically supported by the nuclear lamina, a dense meshwork of lamin proteins located between the INM and the chromatin (for review see [3] ). In addition to its scaffolding function, the lamina has an important role in genome organization and regulation of gene expression. Mutations in lamins cause a variety of inheritable diseases, laminopathies, in which the NE shape is often affected (for review see [4] ). The lamina is indirectly connected to the cytoplasmic cytoskeleton by LINC (Linker of Nucleoskeleton and Cytoskeleton) complexes, assemblies of integral membrane proteins connecting the INM and ONM through the perinuclear space.
Over the life of a cell, the NE continuously undergoes morphological changes. Probably, the most striking reorganization happens during mitosis in animal cells, when the NE breaks down and reforms in late anaphase and telophase, to ensure the reestablishment of the nucleocytoplasmic barrier. Here, we review our understanding of NE biology, including maintenance and homeostasis. We will focus on NE remodeling events and discuss in detail how NPCs are integrated into the double membrane structure of the NE.
Nuclear Membrane Homeostasis Nuclear Envelope Lipid and Protein Synthesis
In proliferating cells, the NE surface constantly increases during interphase. This requires a continuous synthesis of NPCs and other NE components. Most cellular lipid synthesis takes place at the ER/NE. It is believed that all lipids can freely diffuse within this membrane continuum: thus it is unlikely that cells have developed a specialized delivery system, such as lipid transfer proteins or membrane contact sites directing lipids specifically to the NE. However, the lipid composition of the ER/NE-membrane continuum is indeed subjected to regulation. How this regulation affects NE dynamics has been best studied in yeast.
In fungi, homeostasis of nuclear membrane lipids is controlled through the metabolism of phosphatidic acid [5, 6] (for review see [7] ). This substrate can be converted either to phospholipids constituting cellular membranes or by the phosphatidic acid phosphatase lipin to diacylglycerol. Diacylglycerol is further converted to triacylglycerol for lipid storage. Situated at this metabolic branching point, lipin activity controls the balance between membrane and storage lipid synthesis. In yeasts, lipin is activated by an ER/NE-positioned phosphatase complex, Nem1p-Spo7p, and its inactivation causes a striking ER/NE membrane expansion [5, 8] . A recent study suggests that, in metazoans, lipin activity is suppressed by torsin, an ER/NE-located ATPase linked to DYT1 dystonia, a neurological disease that causes involuntary twisting movements [9] . Although in metazoans diacylglycerol is an important intermediate for both the triacylglycerol and membrane phospholipid pathways, the suppression of lipin activity is suggested to promote membrane phospholipid synthesis and induces NE proliferation. However, diacylglycerol also activates protein kinase C, which phosphorylates lamins and induces their disassembly [10] . Currently, it cannot be excluded that torsin influences rather this or other protein kinase C-mediated pathways via lipin inhibition.
Most of the integral membrane proteins of the NE are inserted into the ER co-translationally and reach the ONM and INM by diffusion within the lipid bilayer [11] (Figure 2 , inset). INM proteins must pass through the pore membrane encircling NPCs, which restricts the size of their nucleoplasmic domain to about 60 kDa [12] . Many of these proteins are retained at the INM by binding to the lamina and/or chromatin. Thus, although a few exceptions exist, no active transport through NPCs is involved for the correct positioning of most INM proteins, but these become enriched at the INM by a diffusion-retention mechanism [13] [14] [15] [16] . Lamins are among the soluble proteins actively imported into the nucleus, and, after processing, they localize to the INM by integration into the lamina network [17] . NPC Assembly into the Intact NE The number of NPCs per nucleus approximately doubles during interphase ( Figure 2 ) in preparation for the next cell division, but also in response to changes in metabolic activity or during cell differentiation [18] [19] [20] . The integration of novel pores into the double membrane of the NE requires fusion of the ONM and INM. It is conceivable that once such a pore is formed, NPCs assemble therein. However, in order to maintain the selective permeability barrier of the NE, pore formation and NPC assembly are probably tightly coordinated, as pores in the NE are a potential threat to the barrier integrity if not either promptly sealed or filled. This idea is supported by the observation that putative NPC assembly intermediates are found on the NE in budding yeast when certain NPC components are depleted [21] [22] [23] . These structures are located at protrusions of the INM into the perinuclear space, contain scaffold and nucleoplasmic nucleoporins, but lack INM-ONM fusion, and are thus not connected to the cytoplasm. A similar phenotype is observed when NE membrane fluidity is manipulated [24, 25] , which likely affects INM-ONM fusion. These data suggest that NPCs are integrated into the NE from the nucleoplasmic site mechanically connecting pore formation and NPC integration ( Figure 3) . A recent study in HeLa cells supports the concept that interphase pore assembly proceeds through integration of nascent NPCs into the intact NE from the nucleoplasmic site [26]: dome-shaped invaginations form at the INM, grow in diameter and depth, until they finally fuse with the ONM. Electron microscopy indicates that some of these invaginations at the INM, likely intermediates of new interphase NPCs, contain a proteinaceous eight-fold ring structure, the composition of which is yet to be established [26] . A recent study in yeast indicates that GLFG-repeat containing nucleoporins, a subgroup of the FG-repeat nucleoporins, stabilize the NPC structure by connecting scaffolding nucleoporins, in addition to their diffusion barrier function [27] . Thus, at least in interphase NPC formation, membrane pore formation is linked to assembly of proteinaceous NPC structure. This includes not only the structural backbone of the NPC formed by scaffolding nucleoporins but also FG-repeat containing nucleoporins which are important for the barrier and transport function.
Pore Formation Requires Membrane Remodeling
The formation of a membrane pore, before or during NPC assembly, requires fusion of INM and ONM. Typical fusion proteins, such as members of the SNARE family, mediate the The two membranes of the nuclear envelope are separated by a lumenal space and are continuous with the bulk endoplasmic reticulum network. The outer and the inner nuclear membrane are fused at sites of nuclear pore complexes (red), which mediate transport between the cytoplasm and the nucleoplasm. The inner nuclear membrane contains a characteristic set of integral membrane proteins that connect the nuclear envelope to chromatin by interacting directly or indirectly via chromatin-associated proteins and, in metazoans, the nuclear lamina. The nuclear lamina is additionally connected to the cytoplasmic cytoskeleton by interaction with the LINC complex, made up of the proteins Nesprin and SUN that reside in the inner and outer nuclear membranes, respectively, and span the nuclear envelope lumen. apposition of the two membranes and their fusion across the cytosolic space. However, during INM-ONM fusion, membrane fusion must occur by bridging the lumenal NE space (for review see [28, 29] , Figure 3 ). The machinery which mediates such membrane fusion is not yet defined, but several mechanisms of how membrane approximation and merging is mediated can be envisioned: integral membrane proteins of the INM and ONM might form complexes across the NE lumen. The LINC complexes, which connect ONM and INM, are considered likely candidates for this and, indeed, SUN proteins, members of these complexes, have been implicated in interphase NPC assembly [30] . However, it is unclear whether they actually function as fusion machinery. Torsin, localized in the NE lumen, might also contribute to membrane approximation and fusion as downregulation of this ATPase in HeLa cells results in an NE aberration filled with nucleoporins, which might represent stalled NPC assembly intermediates [31] . Torsin interacts with two INM proteins,
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Current Biology Figure 2 . Nuclear envelope growth.
The nuclear envelope area and nuclear pore complex numbers increase in interphase. (A) In interphase, novel nuclear pore complexes form in the growing -but intact -nuclear envelope. Interphase NPC assembly is initiated at the inner nuclear membrane and critical nucleoporins, including Nup153 and the Y-complex, are imported into the nucleus for this. Transmembrane nucleoporins such as POM121 are synthesized at the endoplasmic reticulum and reach the inner nuclear membrane by a diffusion-retention mechanism, like most other inner nuclear membrane proteins (inset). (B) En bloc insertion of annulate lamellae into the nuclear envelope, as described in Drosophila embryos. Here, the double membrane of the annulate lamellae is aligned to the nuclear envelope. Local retraction of the nuclear envelope establishes the previous annulate lamellae sheet as the new nucleoplasmiccytoplasmic frontier. By recruitment of the central transport channel, the cytoplasmic filament and nuclear basket structure annulate lamellae pore complexes (green) mature into nuclear pore complexes (red) and acquire transport competence.
lamina-associated polypeptide 1 (LAP1) and lumenal domain-like LAP1 (LULL1). However, it remains open whether torsins and interacting proteins actually deform and/or fuse membranes. Likewise, in analogy to NSF, the ATPase torsin might function in regeneration of a fusion machinery. INM and ONM approximation, in preparation for their fusion, might be also induced by membrane sculpting proteins acting on the nucleoplasmic and/or cytoplasmic surface of the NE. Indeed, the main building block of the cytoplasmic and nucleoplasmic rings, the Y-complex shows similarity to vesicle coats [32, 33] . In addition, a number of nucleoporins contain amphipathic helixes by which they bind and deform membranes [34] [35] [36] : Nup53, which is part of the inner ring, possesses a carboxy-terminal amphipathic membranebinding and -bending helix which is essential for interphase NPC assembly in vertebrates [34] . This membrane binding motif is also conserved in the two Saccharomyces cerevisiae homologues, Nup53p and Nup59p, but it has not yet been directly shown whether these motifs are crucial for NPC formation in this organism. However, overexpression of Nup53p induces NE proliferation, which requires the amphipathic helix, indicative of a membrane-linked function for these proteins [37] . Nup155, a direct binding partner of Nup53, similarly possesses an amphipathic helix [35] , which is also required for NPC formation in vertebrates, at least at the end of mitosis [38] . Nup53 and Nup155 are present together in 80 copies in the vertebrate NPC [39] . As the contribution of an individual amphipathic helix to membrane bending is estimated to be rather small [40] , the combined effect of many motifs might be necessary. Indeed, Nup133, a component of the Y-complex present in 32 copies per vertebrate NPC, possesses an amphipathic helix and was shown to be required for interphase NPC assembly in vertebrates [19] . The yeast homologue of Nup133, as well as other members of the yeast Y-complex, possess similarly amphipathic helices [41] , but as for the Nup53 homologues, it is currently unclear whether these membrane binding motifs are crucial for NPC assembly in this organism.
Most membrane interaction motifs are found in nucleoporins which form the core structure of the NPC: Nup133 as part of the nucleoplasmic and cytoplasmic ring, Nup53 and Nup155 as part of the inner ring. Additionally, the vertebrate nuclear basket protein Nup153 also possesses an amphipathic, membranebinding helix [42] : this mediates the interaction of Nup153 with the INM during interphase NPC assembly. Interestingly, membrane bending is apparently not a crucial function of the amphipathic helix of Nup153, as this motif can be replaced by a transmembrane region that does not deform membranes. Rather, Nup153 directs its binding partner, the Y-complex, to NPC assembly sites at the INM. Two nuclear basket nucleoporins in S. cerevisiae, Nup1 and Nup60, contain an amino-terminal amphipathic helix, which binds the inner nuclear membrane and might play a similar role as Nup153 in yeast NPC assembly [43] .
In addition to peripheral membrane proteins, integral membrane proteins contribute to membrane sculpting. Reticulons, wedge-shaped membrane proteins of the ER, are involved in interphase NPC formation [44] . In yeast, Pom33p, a transmembrane nucleoporin with membrane-bending capabilities, is implicated in NPC formation [45, 46] . It is unknown whether the vertebrate homologue, TMEM33, contributes similarly.
Integration of Large Nuclear Envelope Blocks
De novo formation of NPCs in interphase is relatively slow in comparison to mitotic NPC assembly. Rapidly dividing Drosophila cells have established an alternative way to increase the NE area and concomitantly NPC numbers of their quickly expanding nuclei during the fast cell cycles in early embryonic development. Here, cytoplasmic double membrane structures already filled with NPC-like complexes, so-called annulate lamellae, insert into the NE as the nuclei grow [47] . Annulate lamellae pore complexes (ALPCs) resemble NPCs both structurally and with regard to protein composition, although some NPC components might be absent from ALPCs [48, 49] , but in contrast to NPCs, they face cytoplasm on both sides ( Figure 2B ).
Live-cell imaging combined with electron microscopy analysis in Drosophila blastoderm embryos showed that annulate lamellae align with and incorporate into the NE [47] : the part of the NE underlying the annulate lamellae sheet opens and retracts so that the previous annulate lamellae sheet joins to form a new area of NE. Accordingly, ALPCs that were part of the inserted annulate lamellae sheet become NPCs. As ALPCs contain the nucleoporin Nup98, which constitutes a large part of the NPC permeability barrier [50, 51] , the transition from ALPCs to NPCs does not impact the barrier function of the NE. However, once integrated into the NE, ALPCs mature, and only then are most nucleoporins forming the central channel, the cytoplasmic filaments, and the nuclear basket structure incorporated [47] . Thus, it is likely that the transport competence of these complexes is only established once they are part of the NE.
The 'en bloc' insertion of annulate lamellae into the NE requires NE openings, probably remaining gaps in the NE that are not Current Biology Figure 3 . Nuclear pore complex integration into the nuclear envelope during interphase.
Nuclear pore assembly in interphase shown from the cytoplasmic site (left panels) and for a single pore in a side-cut view (right panels): nuclear pore complex assembly is initiated at the inner nuclear membrane. Inner nuclear membrane deformation causes membrane approximation and fusion. Pore formation is coupled to assembly of the central ring structures of nuclear pore complexes, followed by formation of the cytoplasmic and nucleoplasmic structures. Please note that the mitotic nuclear pore complex insertion models propose that at this stage of the cell cycle nuclear pore complex formation also requires outer and inner nuclear membrane fusion. sealed in telophase [47] . Alternatively, mechanical NE ruptures or a membrane pore left by disassembly of an NPC might be starting points. Currently, it is unclear whether the annulate lamellaebased strategy of NE expansion takes place in other organisms and cell types. In Drosophila, this pathway is restricted to a short time in embryonic development [47] . At later developmental stages, a decreased mobility of NE components, including NPCs, might prevent the annulate lamellae insertion. At these stages, expression of lamins and interacting INM proteins, such as the lamin B receptor (LBR), which provide rigidity to the NE, starts or increases [47] . Quality Control at the Nuclear Envelope Functionality of cellular compartments relies on the equilibrium between synthesis of its constituents and degradation of damaged components. In recent years, different quality control mechanisms of the NE have been characterized, mostly in yeast. These act on different aspects of NE homeostasis: INM proteins are marked for degradation by the E3 ubiquitin ligase Doa10p and removed by the ER-localized ERAD (ER associated degradation) pathway [52] . In parallel, misfolded INM proteins, and probably also missorted ER proteins, are primed for elimination by the Asi complex, localized at the INM [53, 54] .
Assembly and integration of NPCs into the NE is a complex, multi-step process and defective assemblies might threaten the NE barrier function. In yeast, ESCRT (endosomal sorting complex required for transport) components have been implicated in surveillance of NPC assembly [55] . The ESCRT machinery functions in different membrane remodeling processes from vesicle budding into the endosomal compartment to cytokinesis, where it deforms membrane and severs membrane necks to allow membrane separation. In NPC surveillance, defective NPC assembly intermediates are recognized by the INM protein Heh2p, which in turn recruits ESCRT components. It is currently unclear whether the ESCRT components, including its ATPase Vps4p, strip NPC assembly intermediates from the NE membranes, or whether membrane sealing events are involved. In the latter case, it is conceivable that vesicles with defective NPC assembly intermediates might form within the NE lumen.
Finally, a recently uncovered autophagy pathway in yeasts allows the cell to eliminate larger parts of the nucleus including both soluble nuclear as well as NE components [56] . In metazoans, DNA damage or oncogenic stress can induce autophagy-mediated lamina and NE degradation [57, 58] .
Nuclear Envelope Remodeling During Mitosis
In preparation for cell division, the replicated chromatin needs to be equally segregated to the daughter cells by the mitotic spindle. For this, microtubules, which in interphase are excluded from the nucleus, need to gain access to the chromatin. In the course of evolution, cells have developed different strategies to enable this. These involve more or less drastic changes in NE structure [59] , which are precisely coordinated with mitotic spindle formation. The two extreme scenarios are categorized as open or closed mitosis (for a detailed review see [60] ). During closed mitosis, found for example in budding and fission yeast, the spindle forms inside the nucleus with the NE remaining more or less intact. The other extreme, an open mitosis, is found in many somatic metazoan and land plant cells: here, the NE retracts entirely into the ER during NE breakdown to leave room for the mitotic spindle to be formed in the cytosol. At the end of mitosis, the NE is reformed around the segregated chromatin. Between these extreme possibilities, a plethora of intermediate solutions, different forms of semi-open mitosis, exist to allow spindle components access to the chromatin: nuclei undergo only partial NE breakdown, or the permeability barrier of the NPCs is lost to allow intermixing of cytosolic and nuclear components. Interestingly, even in a fully open mitosis, in Drosophila S2 and human HeLa cells, compartmentalization is maintained to some extent: membranes derived from the ER surround the spindle and exclude organelles but also allow for accumulation of proteins required for spindle function [61] .
Nuclear Envelope Remodeling During Closed Mitosis
In organisms with closed and some modes of semi-open mitosis, the spindle pole bodies, as anchoring and organization sites for intranuclear spindle formation, are either temporarily integrated in the NE or permanently embedded, similar to NPCs. Indeed, integration of spindle pole bodies into the double membrane structure of the NE requires INM-ONM fusion and it is quite likely, yet unproven, that the membrane fusion mechanism is similar to that mediating NPC insertion into the NE (for a more detailed discussion see [59] ): both events need membrane curvature-inducing/sensing proteins [62] [63] [64] and are blocked when membrane fluidity is altered [65, 66] . Notably, NPCs and spindle pole bodies share a common essential component, the transmembrane nucleoporin Ndc1p [67] .
In anaphase, the nuclear shape changes as the intranuclear spindle elongates, and this requires significant growth of the NE surface. As discussed above, nuclear membrane lipid homeostasis is controlled through the metabolism of phosphatidic acid, and in yeast, lipin controls the balance between membrane and storage lipid synthesis. Interestingly, the mode of mitotic regulation of lipin activity determines the fate of the NE in closely related yeast species [68] . CDK1-mediated inhibition of lipin in S. pombe promotes phospholipid synthesis necessary for NE expansion during spindle elongation. In S. japonicus, lipin remains active in mitosis, leading to the breakage of the NE in anaphase. Thus, regulation of lipin activity and its influence on membrane lipid synthesis in these species determines whether mitosis occurs via a closed or semiopen mode.
Nuclear Envelope Remodeling During Open Mitosis
During open mitosis, the NE breaks down, whereas in some types of semi-open mitoses this is partial. Work in starfish indicates that NE breakdown is initiated by loss of the NPC exclusion barrier, followed by fenestration of the NE by large gaps [69] . Indeed, dissociation of the nucleoporin Nup98 from NPCs, a component critical for the diffusion barrier of the pore, is involved in NE breakdown in human tissue culture cells [50] . This requires mitotic phosphorylation of Nup98 [50] but also of other key structural nucleoporins such as Nup53, which weakens the interaction network within the NPC [70] . In addition, mitotic phosphorylation of lamins [71, 72] and INM proteins [73, 74] destabilizes the NE. Furthermore, microtubules mechanically tear the nuclear membranes and the connected lamina, inducing NE rupture and clearing from the chromatin [75] [76] [77] .
In Caenorhabditis elegans, the GTPase Rab5 and reticulons are needed for NE breakdown [78] . As reticulons induce tubulation in the ER membranes, their requirement could indicate that sheet-to-tubule membrane rearrangements are important for NE breakdown and/or membrane clearance of chromatin. In vitro experiments suggested the COPI components are involved in NE breakdown [79] but their precise function, and the in vivo relevance of these data, remains open.
During mitosis, the NE membranes, as a subdomain of the ER, merge into the bulk ER membrane network [16, 80, 81] . The high motility of the NE proteins and their uniform distribution within the mitotic ER network, at least on a light-microscopy level, underscores the dramatic reorganization of the membrane system. However, the precise morphology of the mitotic ER remains controversial. Some studies propose that ER layers convert into mostly fenestrated sheets and tubules [82] [83] [84] . Others suggest that tubules transform into sheets [85] [86] [87] [88] . As the organization of the interphase ER network varies between cell types and differentiation states [89] , the observed predominantly cisternal or tubular networks might reflect extreme cases on a spectrum of possible mitotic ER morphologies.
Whereas NE/ER-microtubule connections support NE breakdown and membrane clearance of chromatin at the beginning of mitosis [75] [76] [77] , the ER is subsequently excluded from the area occupied by the spindle. This is achieved by mitotic phosphorylation of ER membrane proteins STIM1 and CLIMP-63, which, in interphase, connect this organelle to microtubules [90] [91] [92] . In addition, an active clearance process removes ER membranes from mitotic chromatin: the ER proteins REEP3 and REEP4 transport ER membranes away from the metaphase chromatin to the spindle poles [93] . Mitotic nuclear pore assembly is shown as seen from the cytoplasmic site (left panels) and for a single pore in a side-cut view (right panels), the position of which is indicated by the box in the left panels. The growing nuclear envelope sheets enclose the assembling pores (A). Alternatively, if nuclear envelope formation proceeds via an ER-like network on the chromatin which later forms membrane sheets, nuclear pore complexes occupy the gaps in the closing network (B). In both scenarios, SNAREs and atlastins mediate membrane fusion (black two-headed arrows). ESCRT complexes close nuclear envelope gaps not occupied by nuclear pore complexes (black arrow heads). Topologically, this annular fusion is the reverse of outer and inner nuclear membrane fusion that occurs during nuclear pore complex formation. The assembly of nuclear pore complexes is initiated on the chromatin, even in the absence of membranes. Next, transmembrane nucleoporins establish membrane contact by interaction with the assembling pore complexes. The growing nuclear envelope sheets enclose the assembling pores (A). Alternatively, if nuclear envelope formation proceeds via an ER-like network on the chromatin which later forms membrane sheets, nuclear pore complexes occupy the gaps in the closing network (B). Lastly, cytoplasmic filaments and the nucleoplasmic basket structure are added.
At the end of mitosis, the NE reassembles around the decondensing chromatin. The segregation of the NE membranes from the bulk ER and their connection to chromatin is mediated by chromatin binding of INM proteins [94, 95] . The membrane-shape changes required for NE reformation are envisioned differently, depending on the model of mitotic ER morphology: the ER membrane, already shaped as sheets, contacts and then encloses the chromatin to form the NE [87] ( Figure 4A) . In an alternative model, membrane tubules extend from the ER network, contact the chromatin, become restrained, flatten, and finally expand to form the INM and ONM sheets [82] ( Figure 4B ). In agreement with this model, recent reconstructions of the reforming NE obtained by live cell imaging combined with three-dimensional electron microscopy suggest that highly fenestrated ER membrane sheets cover the chromatin during mitotic exit [96] . Interestingly, although nuclear membranes have been traditionally thought to grow after initial chromatin contact via lateral expansion, the electron microscopy reconstruction data are also compatible with a model in which fenestrated ER sheets, stacked in the proximity of the decondensing chromatin, successively attach to the chromatin surface [97] . This would be quite similar to the 'en bloc' insertion of ALs into the NE in Drosophila early embryonic division (see 'Integration of Large Nuclear Envelope Blocks').
Formation of a Sealed Nuclear Envelope
The full enclosure of the chromatin, independent of whether it starts with ER-tubules or sheets, requires membrane fusion. These fusion events are topologically different from the previously discussed INM-ONM fusion (Figure 3) as they occur between NE forming tubules or sheets across the cytosolic space (Figure 4) . Several different proteins are required, including SNAREs, as well as atlastins, GTPases involved in ER membrane fusion [88, 98] . Whereas these factors mediate merging of different parts of the growing NE to form a connected NE membrane network or continuum, there is an additional requirement for a specialized process, namely annular fusion. This closes holes in the NE sheets in a process that is the reverse of what occurs during INM-ONM fusion, and mediates the separation of the two membranes. Thus, topologically speaking, the closure of these holes resembles a fission event and, consequently, requires the ESCRT components [99, 100] .
In late anaphase, the ESCRT-III complex localizes transiently to the NE at places where gaps remain open. Localization of the ESCRT complex requires the ER-protein CHMP7, the INM protein LEM2, homologue to the yeast Heh2p, which has a similar recruitment function in ESCRT-mediated NPC surveillance, and the ATPase p97 and its co-factor UFD1 [100] [101] [102] . It is conceivable that the ESCRT-machinery seals the gaps in the NE and disconnects the INM and ONM, similar to its function in cytokinesis and multivesicular body formation. The role of the p97 ATPase in the process is unclear. p97 usually recognizes ubiquitinylated membrane proteins via its cofactor UFD1. It is thus possible that ubiquitinylation of NE proteins is involved in regulation of NE sealing. During nuclear reformation, microtubules remaining around the chromatin area after spindle disassembly interfere with NE closure. ESCRT-III colocalizes with the microtubule-degrading enzyme spastin where microtubules cross the reforming NE, thereby coordinating spindle disassembly and NE sealing [99] .
Notably, in addition to its role in NE sealing during mitotic exit, ESCRT-III is also needed to heal transient NE openings in interphase in migrating mammalian cells to prevent leakage in and out of the nucleus, and consequent DNA damage [103, 104] . The conserved requirement for the ESCRT complex in sealing of NE holes and in NPC surveillance (see Quality Control at the Nuclear Envelope) highlights the relevance of maintaining the NE barrier and the ESCRT-machinery as a critical contributor to this. NPC Assembly at the End of Mitosis: Is Fusion Between Inner and Outer Nuclear Membranes Required? Concomitantly with the reformation of a closed NE, NPCs need to reassemble to establish the transport competence of the NE. Two models for mitotic NPC assembly have been proposed (for review see [105] ): according to the insertion model, NPCs reassemble and integrate into an intact NE, and therefore after the NE barrier is re-established. Thus, NPC formation requires INM-ONM fusion to allow NPC integration in a similar way as discussed for interphase NPC assembly (Figure 3) . Notably, in organisms with closed mitosis, the insertion model represents the only mode of NPC assembly. Alternatively, enclosure models suggest that NPC assembly starts before the NE encases the chromatin [28, 106] . Here, the nascent NPCs are surrounded by the growing NE membranes ( Figure 4A) or NPCs occupy the remaining membrane holes of a highly fenestrated ER-like network ( Figure 4B ). Indeed, recent reconstruction of the nuclear membrane topology during nuclear reformation by correlative live cell imaging and 3D electron-microscopy shows that the NE, at least in the HeLa cells, is formed from highly fenestrated ER-like sheets, where the membrane holes shrink to enclose the chromatin [96] . The remaining membrane gaps are occupied by the assembling NPCs. Assembly of ringlike proteinaceous structures in the membrane gaps, which most likely constitute the inner ring of NPCs, stabilize the pore membrane curvature and expand the pore to its final diameter.
Whereas interphase NPCs crucially require Nup153 as an INM binding nucleoporin, Nup153 is not essential for mitotic NPC assembly during open mitosis [42, 107] . At the end of mitosis, its function is taken over by the nucleoporin MEL28/ELYS, which recruits the Y-complex to NPC assembly sites on the decondensing chromatin [108, 109] . The essential function of MEL28/ELYS in mitotic NPC assembly could indicate that mitotic NPC assembly proceeds via a mechanistically different pathway, with a first crucial assembly step, which can occur already on membranefree chromatin (for a detailed discussion of the mechanistic differences between interphase and mitotic NPC assembly see [97] ). Alternatively, the different modes of initiating NPC assembly in mitosis and interphase might be determined by the necessity to restrict NPC assembly and integration to the correct membrane compartment. In interphase, the intact NE structure allows INM specification by nuclear import: in the cytoplasm, where mRNA encoding Nup153 is translated, the Nup153 membrane binding site is shielded by its nuclear import factor transportin [42] . Once translocated through the NPC, transportin releases Nup153, which is then free to bind the INM and initiate NPC assembly. Since at the end of mitosis nuclear import is not yet established, as NE and NPCs are not re-assembled, the sites of NPC formation need to be specified in a different way. Chromatin binding of MEL28/ELYS could direct NPC assembly to the future INM even in the absence of nuclear import.
Nuclear Membrane Remodeling in Differentiation Processes
Cell differentiation is naturally accompanied by large changes in the gene expression pattern. Often, this is also associated with changes in nuclear structure. For example, the distinction between eu-and heterochromatin becomes more obvious [110] and, accordingly, expression of NE proteins interacting with chromatin changes. Probably, the most impressive case is represented by rod photoreceptor cells of nocturnal mammals. While in most cells heterochromatin decorates the nuclear periphery by association with the NE, in these cells heterochromatin position is reverted, from the periphery to the center of the nucleus, to diminish light loss in the retina. This is mediated by a downregulation of levels of lamin A/C and its interaction partner LBR in these photoreceptors [111] .
Mature blood neutrophils have a typically complex nuclear appearance, which is linked to an increased deformability. The nucleus of human neutrophils possesses three to four lobes; in mouse, the neutrophil nucleus adopts a twisted toroid shape with a central hole. The flexibility of such nuclei facilitates rapid passage of neutrophils through blood vessels and tissue invasion. The transition from a spheroid nucleus in progenitor cells to lobulated and deformable nucleus is caused by upregulation of LBR and downregulation of lamin A/C expression and of LINC complexes [112, 113] . A human genetic deficiency of LBR results in the Pelger-Huë t anomaly, neutrophils with hypolobulated nuclei [114] , emphasizing the important function of this protein in NE shape. However, as the benign anomaly does not prevent neutrophil egress from blood vessels, the reductions in lamin A/C and LINC complexes are seemingly more important for the nuclear shape deformability than the accompanying LBR-linked changes in NE plasticity.
Concluding Remarks NE dynamics has been classically attributed to open mitosis, where, undeniably, this double membrane structure changes most radically. More recently, dynamic changes of the NE in interphase have also come into focus. The shape and flexibility of NE change adjust during cell migration and in differentiation processes. How NE components affect these processes and how malfunctions in NE proteins cause human pathologies is an interesting and most likely expanding topic.
Similarly, animal cell studies of NPC assembly have classically focused on events taking place at the end of mitosis. It is becoming increasingly clear that during interphase NPC assembly takes a different route. How changes to the NE membranes, especially INM-ONM fusion, are catalyzed and regulated is still an open and challenging research question. Recent electron microscopy 3D reconstructions correlated with live cell imaging have provided amazing insights into the membrane structure changes during NPC assembly, both in mitosis and interphase, and support the hypothesis that both follow mechanistically distinct routes. It will be interesting to visualize by EM-light correlative microscopy NPC assembly intermediates of both pathways upon depletion or malfunction of certain key nucleoporins, which have mostly been defined in Xenopus egg extracts and by yeast genetics. 
